Equilibrium states of anodic double layers that form near a positively biased disk-shaped electrode immersed in a partially ionized plasma are studied experimentally using electrostatic probes. When the potential drop from the electrode to the plasma is less than a critical value, φ c , an anode glow is observed where a double layer potential drop is within a few millimeters of the electrode surface. For larger biases an anode spot forms where the double layer potential drop is centimeters from the electrode and the intervening region is a plasma more luminous than the bulk plasma. A theoretical model is developed which predicts that φ c ∝ 1/P + C, where P is the neutral pressure and C is a constant, and it predicts hysteresis in the current-voltage characteristic at the electrode; both effects are observed experimentally. The model also provides an estimate for the distance between the electrode and double layer potential drop that agrees with the measurements. Near small electrodes, anode spots are observed to be 'fireballs,' which are spherical in shape. Near larger electrodes 'firerods' are found instead, which have a cylindrical shape. It is shown that firerods are required by global current balance because they have a smaller effective electron collecting area than fireballs. Experiments also confirm that global nonambipolar flow (Baalrud S D et al 2007 Phys. Plasmas 14 042109) accompanies firerods. In this case all electrons are lost through the firerod to the electrode, while all positive ions are lost to the other plasma boundaries.
Introduction
Anodic double layers, among the many discoveries of Langmuir [1] , are adjacent regions of positive and negative space charge that can form near plasma boundaries biased more positive than the plasma potential. Typically, the potential profile near positive boundaries, e.g. electrostatic probes, monotonically decreases with positive curvature to the plasma potential with an exponential behavior and on a length scale characteristic of the Debye length. The term 'electron sheath' is often used to describe this situation because the thin region with electric field contains mostly electrons. Anodic double layers, on the other hand, have potential profiles with both positive and negative curvature. Their potential profiles can be monotonically decreasing, but need not be, and they can occupy spaces near the anode ranging from Debye length scales to much longer length scales characteristic of a presheath.
Anodic double layers can form from a variety of different physical mechanisms, and should be classified accordingly. One mechanism is increased ionization from electrons energized by the electron sheath electric field. This leads to the two types of anodic double layers photographed in figure 1: thin 'anode glows' and much thicker 'anode spots. ' As the electrode bias is increased, starting from some low level, the anode glow forms at a value for which the electron energy gained in the electron sheath exceeds the electronimpact ionization energy of the neutral gas. Ions are then born in the sheath with energy characteristic of the thermal energy of the neutral gas. They are pushed into the plasma by the electron sheath electric field at a rate much slower, by a factor of the square root of electron to ion mass ratio √ m e /M i , than the electrons are pulled to the electrode surface. A thin region of net positive space charge near the electrode, i.e. an anodic double layer, can thus form. At some even larger positive electrode bias, the thin anode glow rapidly transitions to a much thicker anode spot. In this paper we test the hypothesis that this transition occurs when the number of ions in a Debye cube on the high potential side of the double layer approximately balances the number of electrons in the same Debye cube; thus establishing a quasineutral region. Other types of anodic double layers can also form, e.g. double sheaths, where increased ionization does not occur. Double sheaths consist of an electron sheath adjacent to a double layer and do not have monotonically decreasing potential profiles. Their potential profile typically appears to contain a 'dip' in an otherwise monotonic electron sheath. See, for example, the data presented in figure 2 of [2] , or the schematic drawing in figure 2(b). Double sheaths can form in several circumstances including the presence of ion beams [3] , applied magnetic fields [4] , or as a result of non-local effects such as global balance of electron and ion currents lost from a plasma [2] . In this paper we report that double sheaths and anode spots can sometimes be present in combination as well.
Anode glows and spots have previously been studied by several researchers. They have been mentioned in double layer reviews recently by Charles [5] and in 1982 by Emeleus [6] . The transition from electron sheath to anode glow has been observed experimentally [6] and was numerically investigated by Conde et al [7] . Anode spots have been observed to have a spherical shape, first called 'fireballs' by Song et al [8] , and subsequently by others [9] [10] [11] [12] [13] [14] [15] , or a cylindrical shape, first called 'firerods' by An et al [16] , and subsequently by others [17, 18] . Multiple fireballs have also been observed either as nested concentric spheres, 'multiple concentric double layers,' [19] [20] [21] [22] [23] [24] [25] [26] , or at multiple distinct locations on the anode surface, 'non concentric multiple double layers' [20, 21, 23, 27, 28] .
Anode spots have been studied in both unmagnetized plasmas [8, 12, 13, [28] [29] [30] [31] , and in magnetized plasmas [13, [32] [33] [34] . Their stability has been investigated in detail experimentally [8, 29, 35] and theoretically [9, 12, [36] [37] [38] . Recent work of Stenzel et al [13] details the dynamics of anode spot formation. Anode spots have also been used to confine dust particles [17] . Among the properties of anode spot equilibrium reported are the observation that hysteresis accompanies the onset of an anode spot as measured from a current-voltage characteristic on the electrode where the electrode bias must be greater for onset of the anode spot than is required to maintain it [8, 10, 11, 15] . The critical electrode bias necessary for the onset of the anode spot and its characteristic dimension are inversely proportional to the neutral pressure [8] . Also, the potential profile and location of the DL potential drop in relation to the electrode was investigated for fireballs [8, 23] . Firerods have until recently only been reported in magnetized plasmas [16] [17] [18] . However, Stenzel [13] reports their observation in unmagnetized plasma near a spherical electrode. Here we report the observation of firerods near disk-shaped electrodes in unmagnetized plasma.
In this paper we address three questions related to anodic double layer equilibrium: (1) What causes the transition from uniform anode glow to anode spot? (2) Why is this transition accompanied by hysteresis? (3) In an unmagnetized plasma, why is the anode spot sometimes spherical, a 'fireball,' and sometimes cylindrical, a 'firerod'. We also show that the presence of an anode spot can cause global nonambiplolar flow where all electron loss from the plasma is through the anode spot to the electrode, while all positive ions are lost only to the cathode, which is the grounded chamber wall in our experiments [2] . The anode spot geometry is also related to these global characteristics.
This paper is organized as follows. In section 2 we describe the experimental apparatus and diagnostics. The important experimental results follow in section 3. Section 4 details anode glow equilibrium and the conditions required for it to exist. In section 5 we present a model for the transition from anode glow to anode spot modes. The model predicts hysteresis in the current-voltage characteristic and an inverse neutral pressure dependence for the anode bias required for anode spot onset. In section 6 we show that small electrodes can support spherical anode spots, i.e. fireballs, but that larger Figure 3 . Dc anodic double layers and sheaths were generated in front of a one-sided disk electrode submersed in a filament generated argon plasma in a MacKenzie bucket.
electrodes typically host cylindrically shaped anode spots, i.e. firerods. Experimental data show double sheaths on an electrode with a firerod at locations where the firerod was absent. A model for these effects, which is based on global current balance, is developed and compared with data. It is shown that global nonambipolar flow happens when firerods are present. Implications for multiple concentric double layers are briefly discussed.
Experimental apparatus and diagnostics
Experiments were conducted in a cylindrical MacKenzie bucket [39] 70 cm in length and 60 cm in diameter, see figure 3 . Twelve rows of permanent ferrite magnets of alternating polarity surrounded the cylindrical wall of the chamber to create a uniform discharge in the radial direction. The peak field near the cylindrical walls was approximately 1 kG, while the field on axis was less than 2 G. Due to the low magnetic fields in the bulk plasma the experimental region was essentially not magnetized. No magnets were placed near the chamber end walls.
Plasmas were created from ionization of argon gas by emission of a 0.5 A electron current by heated thoriated tungsten filaments near one chamber end wall. The filaments were biased at −60 V (all electric potentials are referenced to the grounded wall of the vacuum chamber). Base vacuum pressure was less than 1 µTorr and operating neutral pressures ranged from 0.5 to 5 mTorr.
Anodic double layers were created near aluminum electrodes held in the center of the vacuum chamber by a 0.6 cm diameter copper rod. The 'back' side of each electrode was electrically insulated from the plasma using ceramic insulator.
The copper rod holding the electrodes was insulated from the plasma using a thin fiberglass sleeve. Electron sheaths and anodic double layers were observed near the 'front' electrode surface when the electrode was biased more positive than the plasma potential. The electrode area was varied by choosing electrodes of different radii.
Plasma potential, electron temperature and electron density were measured in the bulk plasma using an 8 mm diameter, disk-shaped, planar Langmuir probe. Measurements were taken on the chamber axis 15-20 cm from the 'front' electrode surface to ensure that the probe was in the bulk plasma rather than in the sheath, presheath or double layer surrounding the electrode. The plane of the Langmuir probe was oriented parallel to the plane of the electrode and its 8 mm diameter was much longer than the plasma Debye length, which was typically 0.1-1 mm. Typical plasma densities ranged from 1-5 × 10 9 cm −3 , and electron temperatures from 0.5 to 3 eV.
Experimental Results
Schematic drawings of electron sheath, anode glow, and anode spot potential profiles are shown in figure 4(a). For an electron sheath, the potential drops from the electrode potential to the plasma potential within a few Debye lengths. This distance extends to approximately 10 Debye lengths as an anode glow forms. Upon onset of an anode spot, the double layer potential drop relocates to hundreds of Debye lengths from the electrode, corresponding to the ion-neutral collision length scale, and the potential fall corresponds to the electron-impact-ionization energy of the neutral gas.
Emissive probe measurements of the potential profile for each of these solutions are shown in figure 4 (b). These data were taken at 1 mTorr pressure with a 5.5 cm diameter electrode biased at 20 V for the electron sheath, 40 V for the anode glow, and 60 V for the anode spot. In this case the anode spot was a firerod, like that in the photograph shown in figure 1(d) . An important feature of the data is that the anode glow was much thicker than the electron sheath. However, the sign reversal of the curvature of the potential profile, which is representative of a double layer, could not be resolved by the emissive probe diagnostic. As sketched in figure 4(a) , the spatial extent of this region is a few Debye lengths. The Debye length was approximately 0.2 mm in this plasma, and the spatial resolution for the probe was approximately 1 mm. Figure 4 (b) shows that the anode spot has a characteristic length of approximately 2 cm and a potential drop of approximately 17 V, which corresponds to the argon ionization potential.
The critical electrode bias for which the rapid transition from anode glow to anode spot occurs is shown to be inversely proportional to the neutral gas pressure within a constant. These data are shown in figure 5 for electrode diameters of 1 and 5.5 cm. Figure 5 also shows that the electrode diameter influences the critical electrode bias. Stenzel et al [13] provided a detailed study of the dynamics of this transition and showed that its characteristic timescale is 10-100 µs. In our data, the critical bias was determined for each data point by slowly increasing the electrode potential, starting at zero, until the transition occurred. It is important to distinguish that the data were taken on the 'upswing' of the bias because after the anode spot has formed smaller electrode biases can still maintain it. This feature appears as hysteresis in the currentvoltage characteristic of the electrode. Figure 6 shows the current-voltage characteristic of a 1 cm diameter electrode. The current is shown to be much larger in the anode spot mode than the anode glow mode. This can be attributed to a relative increase in the effective area for electron collection to the electrode in the spot mode than the glow mode. Current due to electrons born by ionization inside the anode spot provides a much smaller, but finite, additional electron current as well. An important feature of this trace is hysteresis; the anode spot forms when the electrode is biased to 40 V, but then is maintained until the electrode falls below approximately 28 V. Figures 7 and 8 show the behavior of bulk plasma potential and electron temperature for a similar trace of the electrode bias. In this case a 5.5 cm diameter electrode was used. These figures demonstrate two characteristic features of global nonambipolar flow when the anode spot is present: plasma potential 'locking' and an electron temperature increase [2] . Global nonambipolar flow occurs when the effective area for electron collection at the electrode is sufficiently large that it collects a total electron current that balances the total ion current lost to all the other boundaries of the plasma. In the case shown in figures 7 and 8 the formation of an anode spot causes such an increase in the effective electron collecting area. Figure 7 shows that the plasma potential locks to a value a few volts less than the electrode potential minus the ionization potential of the neutral gas. In previous work where anode spots were not present, but global nonambipolar flow was achieved with larger electrodes, the locking potential was a few volts less than the electrode potential [2] . The shape of the spot, which in this case is cylindrical, is also related to the global flow scenario. Spots near small electrodes are typically spherical with a radius greater than the electrode diameter [3, 8, 10] . However, if such a spot were present near too large an electrode, the electrode would collect an electron current that exceeds the ion current lost to the other plasma boundaries. In this case the effective electron collecting area of the spot must shrink to preserve the balance of electron and ion currents lost from the plasma. The effective electron collecting area of an electrode typically shrinks by the formation of double sheaths which reflect a fraction of the incident electron current [2] . When anode spots were present, double sheaths formed on regions of the electrode surrounding the anode spot. In section 6 we present a onedimensional model that suggests the length of the anode spot is fixed, so the radius of the spot is the only direction allowed to shrink. Thus, firerods form near large electrodes where large is defined by the effective electron collecting area of the electrode and spot. This prediction is in accordance with the observed geometries shown in figure 1 and double sheaths were measured on electrode locations near firerods. The effects of global nonambipolar flow on anode glow and spot equilibrium are discussed further in sections 4 and 6.
Anode glow
In order for an anodic double layer to form, the electrode must be biased positive relative to the plasma potential; for anode glow or spot formation, in particular, it must be at least an ionization potential of the neutral gas, E i /e, more positive (for T e E i , which is the only case considered here). It was shown in [2] , for the same geometry as this experiment, that three different sheaths, apart from glows or spots, can form near the electrode: electron sheath, double sheath or ion sheath. These are depicted in figure 2. Which solution occurs is determined by balancing the positive ion and electron currents lost globally from the plasma. Global current balance can be written as s I s = 0 where
is the current density of species s, f s is the velocity distribution function of this species and φ k is the potential drop of any current retarding electric fields near surface k. If the sheath (or double layer) at a particular surface k (with differential surface area dA k ) does not reduce the current of species s reaching that surface, i.e. only attracting potentials are present for s, the exponential term is absent from equation (1) . If the species distribution functions, details of the bounding surface geometry, and their relative electrical potentials are known, equation (1) determines the bulk plasma potential.
For the geometry described in section 2 and assuming Maxwellian ion and electron species, equation (1) reduces to an expression which predicts that the electrode sheath is an electron sheath if
where m e is the electron mass, M i is the positive ion mass, A E is the electrode surface area and A w is the effective area for ion loss at the chamber walls. These three solutions are depicted in figure 2 for a fixed electrode bias, but different electrode surface areas. Also shown in [2] is that only for the electron sheath can the electrode be biased much more positive than the plasma. When a double sheath exists, the plasma potential is always a just few volts less than the electrode potential. The plasma potential is always more positive than the electrode bias with an ion sheath solution. In order for an anode glow or spot to form in our geometry the electrode surface area must be small enough that it satisfies A E /A w < µ. When this condition is satisfied and −e φ/E i > 1 at the electrode, an anode glow may form.
The transition from electron sheath to anode glow is accompanied by a thin glowing region on the surface of the electrode, see figure 1. The anode glow double layer forms when the local ion density in a thin region adjacent to the electrode exceeds the local electron density. These thin double layer potential profiles were studied numerically by Conde et al [7] who confirmed that they are, in fact, due to increased ionization in the electron sheath. Electrons born from ionization are pulled toward the boundary by the electron sheath electric field much faster, at a rate ∝ √ M i /m e , than the heavier ions are pushed to the plasma. A local ion rich region is left behind.
In Conde's numerical simulations the ion rich region (where the potential profile has negative curvature) was calculated to be shorter than 10 Debye lengths [7] . As we previously mentioned, such a thin region could not be resolved in this experiment. Figure 4 does show, however, that the electron sheath potential rise moves further from the electrode when the anode glow is present. This, along with the visible glowing region, provides evidence that a thin double layer was present.
Anode spot onset
Anode spots are characterized by a thick (typically hundreds of Debye lengths) glowing region of quasineutral plasma separating a double layer potential fall (of approximately the ionization energy of the neutral gas) from the electrode. In previous works, this abrupt transition was conjectured to depend on a local ionization instability that significantly increases the local ionization rate [35, 37] .
However, numerical simulations of Conde et al [7] showed that such an instability is not necessary to produce the level of ionization required for a thin double layer, i.e. anode glow, but their simulations did not capture the abrupt transition to anode spot. We conjecture that this is because the transition depends on physics of quasineutrality that were not included in previous models.
When the density of ions in the ion rich region of an anode glow grows to a level such that a Debye cube contains an approximately equal number of electrons and ions, quasineutrality is established and a plasma is formed. When this occurs, ions leaving the newly established plasma must have a fluid speed in excess of the local ion sound speed c s in order to be lost through, what appears to these ions, as an ion sheath into the bulk plasma. This is Bohm's criterion for an ion sheath [40] . Since the acceleration region that forms to satisfy this criterion must itself be quasineutral, it must be much longer than the Debye length scale in order to support the necessary potential drop of approximately T e /e. This acceleration region is a main characteristic of an anode spot, and it is analogous to a conventional ion presheath.
To develop a simple model of this physics, consider the balance of fluxes of electrons and ions born from ionization leaving a sample Debye cube in an anode glow near an electrode; i,g = e,g . Subscript g denotes the anode glow region. The ion flux is i,g = n i,gvi,g where n i,g is the density of ions born in the Debye cube,v i,g is the average ion speed at the ion exit (plasma side) of the Debye cube. The electron flux born from ionization in a Debye cube in the anode glow is e,g = e,b n n σ λ D,g = n e,gve,g , where e,b is the beam flux of electrons entering the Debye cube from the bulk plasma through the electron sheath, n n is the neutral density, σ the electron-neutral impact ionization cross section, n e,g is the density of electrons born from ionization in the Debye cube and v e,g is the average electron speed at the electron exit (electrode side) of the Debye cube. Equating fluxes yields
For a Maxwellian electron distribution in the bulk plasma, the electron flux entering an electron sheath (or anode glow) is e,b = n e,pve /4 in which n e,p denotes the bulk plasma electron density andv e = √ 8T e /π m e is the mean electron speed in one direction.
Assuming energy conservation in the thin Debye layer implies thatv e,g /v i,g ≈ √ M i /m e . Thus, flux conservation e,g = i,g shows that ions born from ionization are much more dense than the electrons born from ionization in the Debye cube: n i,g /n e,g ≈ √ M i /m e 1. In the electron sheath portion of the anode glow, n i,g n e , where n e = n e,b + n e,g is the total electron density. Since n i,g n e,g , nearly all of the electrons are due to the beam entering from the bulk plasma. As quasineutrality is approached in the Debye cube, n i,g ≈ n e , but n i,g n e,g still implies that n e,g n e,b . Our conjecture is that rapid transition to an anode spot occurs when the number of electrons and ions in the Debye cube approximately balance
in which the integrals span a sample Debye cube adjacent the electrode, and N represents the critical number of ions or electrons in the Debye cube. Estimating N is quite difficult since it requires a local estimate of the electron density and Debye length throughout the anode glow. As ions build up, the potential profile in this region begins to flatten, as shown in [7] . As a lowest order approximation, we assume N ≈ n i,g λ 2 n e , and n e ≈ n e,b , equation (4) can be written
in which φ c is the critical electron sheath potential rise required for the rapid onset of an anode spot, and α is a constant for argon gas at the relevant sheath energies in this experiment. v 2 T e = 2T e /m e is the electron thermal velocity. In general the cross section σ is energy dependent, i.e. it depends on φ c , and thus so does α. However, in the range of relevant electron energies for this experiment (40-100 eV) σ is approximately constant [41] . For α and N constant, we find
in which P is the neutral gas pressure. In general α is not constant for all electron energies. In particular, the electron-impact ionization cross section rapidly vanishes at a threshold potential which determines a minimum φ c . If this cross section can be modeled as approximately constant above the threshold E i /e one should find the scaling φ c ∝ 1/P + C, where C E i /e represents a minimum φ c . Figure 5 shows close experimental agreement with the inverse neutral pressure dependence of the critical electrode bias, φ c , required for an anode spot to form over an electron energy range in which σ is approximately constant. Data is shown for electrode diameters of 10 and 55 mm. Differences in the slope of the two lines are apparently due to N/α not being the same for each electrode. This is expected since the bulk plasma parameters, e.g. density and electron temperature, are different for each electrode radius. Although the bulk plasma parameters were not sensitive to neutral pressure over this range, different sized electrodes, when biased more positive than the plasma, caused different plasma parameters. This is because the electrode sets the bulk plasma potential which, from global current balance, is found to increase with electrode surface area [2] . Filament injected electrons gain energy e(V p − V f ), where V p − V f is the potential difference of the bulk plasma and filament bias. Thus the energy of injected electrons also depends on the electrode size and one should expect that N/α is not necessarily the same for each electrode diameter. This notion is confirmed in figure 5 Ideally one would like to calculate N and α. However, N requires a local solution for electron or ion density and Debye length. In addition, α requires the average ion speed leaving the Debye cubev i,g . An accurate calculation requires solving Poisson's equation along with the coupled two-fluid equations accounting for ionization throughout the electron sheath and anode glow. Such a theoretical exercise is outside the scope of this mainly experimental work, but we seek to obtain a crude estimate of these parameters for the data displayed in figure 5 . For the relevant electron energies in this experiment, 40 < e φ c < 100 eV, σ ≈ 2.5 × 10 −16 cm 2 [41] . We assume that N is approximately the same as the number of particles in a Debye cube in the bulk of the plasma, N ≈ n e,p λ 3 D , and use the formula n n ≈ 3.3 × 10 13 p in which n n is in cm −3 and p is in mTorr. Finally, for the crudest approximation, we assume that the ions leave the Debye cube with a speed approximately the sound speed, c s . This last assumption is not due to Bohm's criterion, but is only used as an order-ofmagnitude level approximation.
The experimentally obtained slopes, S, in the equation φ c = S/p in which p is in mTorr, are S ≈ 29 for the 55 mm diameter electrode, and S ≈ 100 for the 10 mm diameter electrode, see figure 5 . S is measured in [V mTorr]. For the 55 mm diameter electrode the bulk plasma density was n ≈ 1.2 × 10 9 cm −3 and the electron temperature was T e ≈ 1.7 eV for biases close to anode spot onset. These values were n ≈ 2.1 × 10 9 cm −3 and T e ≈ 1.0 eV for the 10 mm diameter electrode. With these bulk plasma parameters and the aforementioned assumptions, equation (4) predicts S ≈ 14 for the 55 mm diameter electrode and S ≈ 16 for the 10 mm diameter electrode. The corresponding estimates for N are approximately 2 × 10 4 and 9 × 10 3 respectively. These estimates for S are significantly less than the experimental results, but within the order-of-magnitude level approximation forv ig , which was quite crude. In reality, N and α will depend on the bulk plasma parameters in a way that is difficult to estimate without solving the fluid equations.
A second characteristic feature of anode spot onset is hysteresis in the electrode current-voltage characteristic. This hysteresis, shown in figure 6 and in several previous references [8, 21, 23, 35] , can be understood qualitatively using the same concept that there be a critical number of ions in a Debye cube. The difference between the downswing in the voltage, i.e. decreasing the electrode bias in a spot mode, and the upswing in the voltage, i.e. increasing the electrode bias for initial onset of a spot from a glow, is that for the upswing the relevant Debye cube is located in the anode glow, while for the downswing it is located in the anode spot. As figure 9 depicts, when considering a Debye cube in the anode spot, ions are present not only from ionization within the cube, but also from the outflow of ions generated in the anode glow between the spot and the electrode. On the downswing, the anode spot remains as long as the number of ions, produced from the sum of these two sources, in each Debye cube in the anode spot exceeds the critical number. An obvious minimum electrode bias required to maintain the spot mode is that which makes φ 2 = 0 in figure 9 , which means that the total sheath energy is the ionization energy of the neutrals. Consistent with this assertion, our experiments have observed the spot to vanish before this limit is reached on the downswing of the electrode bias.
Anode spot equilibrium
In this section we consider two features of anode spot equilibrium: size and shape. The characteristic size of the anode spot, meaning the length of the quasineutral region between the anode glow and the double layer at the plasma/spot interface, can be estimated with a similar one-dimensional model as used in section 5. We assume that the ionization rate throughout the spot is approximately uniform. The flux of ions leaving the spot and entering the bulk plasma is equal to the rate of generation within the spot: i,as = e,b n n σ L. From Bohm's criterion [40] , ions leave at the ion sound speed in the spot, so this flux can also be written i,as = n i,as c s,as . Putting these together yields an estimate for the one-dimensional length of 
From the assumption of uniform generation of ions in the anode spot, Bohm's condition requires φ s T e,as /e. Since the 'average' ion is born in the middle of the anode spot rather than at a source on the high potential side, as is the case in a conventional presheath, the minimum potential drop is twice the conventional T e /2e. Assuming that the anode spot is only weakly collisional, we take φ s ≈ T e,as /e, so c s,as ≈ √ e φ s /M i . The electron flux due to the beam is e,b = n e,b √ 2e φ 1 /m e , where n e,b is the density in the spot. The density of electrons generated in the anode spot is much smaller than the density of electrons streaming into the spot from the bulk plasma, n e,as n e,b , since n i,as ≈ n e,as √ M i /m e and the anode spot is quasineutral. This is analogous to the results in section 5. So, n e,b n e,as , which implies that n e,b ≈ n i,as , and equation (7) can be written
To estimate the length of the anode spots shown in figure 1 requires σ for the beam electrons streaming through the anode spot. This energy is derived from the energy gained by acceleration through the double layer, which is typically the ionization energy of the neutral gas (E i ≈ 17 eV for argon [41] ). From [41] we find that for 17 eV electrons that σ ≈ 1.7×10 −18 cm 2 , but this value is sensitive to the particular energy near threshold. Assuming that the electron temperature in the anode spot is approximately the same as it is in the bulk plasmas implies φ s ≈ T e .
The fireball shown in figure 1 (b) near a 10 mm diameter electrode was taken with a neutral pressure of 4 mTorr and the electron temperature was measured to be T e ≈ 1 eV. The firerod shown in figure 1(d) near a 55 mm diameter electrode was with a neutral pressure of 1.5 mTorr and an electron temperature of T e ≈ 2 eV. From the above estimates for σ and φ s , equation (8) predicts that L ≈ 2.8 cm for figure 1(b) and L ≈ 11 cm for figure 1(d) . From the photographs, these values are empirically found to be L ≈ 3 cm and L ≈ 8 cm respectively. Both estimates are within the accuracy of our estimate for the electron-impact ionization cross section σ which is sensitive to the precise electron energy.
The firerod shown in figure 1(d) has a curved shape that cannot be explained with this model. A possible explanation is that stray magnetic fields or Earth's magnetic field are responsible. It was observed that moving a weak permanent magnet outside the plasma chamber, which produced a field <2 G at the firerod location, was sufficient to straighten or otherwise change the curvature of the firerod. Regardless of the curvature, the radius and length of the firerod were essentially unchanged.
Equation (8) also predicts that L ∝ 1/P . The 1/P scaling of the anode spot length has been observed in previous experiments, see e.g. [8] which also presents a similar model for the diameter of fireballs. Additional experiments testing equation (8) were carried out for anode spots observed near the aperture of the nonambipolar electron source [42] . These experiments, reported in [43] , support equation (8) to within a few percent in a situation where an axial magnetic field was present.
We next consider the shape of the anode spot. Our experimental observations have shown that the anode spot is a fireball for small electrodes, but a firerod for larger electrodes, as shown in figure 1. Previous observations have typically reported fireballs, but firerods have also been reported in magnetized plasmas [16] [17] [18] 33] , and recently also in an unmagnetized plasma near a spherical electrode [13] .
When an anode spot forms, it significantly increases the effective electrode area for collecting the electrons diffusing to it from the bulk plasma. As described in section 4 and [2] , if this effective area is too big to support a monotonically decreasing potential, either a double sheath must form or the plasma potential must be larger than the electrode potential, i.e. an ion sheath exist, to reduce the electron current reaching the electrode. This effect is a result of globally balancing the electron and ion currents lost from the plasma. Obviously if an ion sheath is present, an anode spot cannot be because there is no electron acceleration mechanism to increase the frequency of ionization and generate a spot. However, double sheaths can accompany anode spots when the effective electrode area exceeds a critical level. This leads to cylindrically shaped anode spots accompanied by global nonambipolar flow for large electrodes.
To understand why anode spots are cylindrically shaped for large electrodes, consider the global current balance of section 4 and equation (1) . As described in section 4, the electrode surface area must satisfy A E /A w < µ for anode glow and spot formation. When a spot forms A E effectively becomes the surface area of spot itself since all electrons in the bulk plasma that diffuse through this surface are lost to the electrode. If this typically much larger effective area does not satisfy A E /A w < µ, the electrode collects too much electron current; i.e. electrons are lost to the electrode at a faster rate than ions are lost to other plasma boundaries. This current is reduced and a balance is established by the formation of a dip, or double sheath, where a monotonic electron sheath would otherwise be. From the one-dimensional model and equation (8), the length of the spot is determined. Double sheaths, which retard electron current, form on parts of the electrode surface and, due to the reduced electron beam current, the spot is absent from these locations. This effectively shrinks the radial direction of the anode spot and forms a cylinder. The double sheath reduces the total electron current lost to the electrode by reducing its effective electron collecting area. Experimentally, a contour plot of measured potentials should reveal the presence of double sheaths. Attempts at these measurements failed, however, because the holder of the electrostatic probe provided a sink for ions and electrons that significantly altered the anode spot in its vicinity. In particular, when firerods were present, the spot would move, or jump, to different locations on the electrode to avoid the probe. This suggests that there is no preferred location for the spot to form on the electrode, which is consistent with our model, but it eliminated the possibility of measuring the potential contour of a firerod with electrostatic probes. The only direct measurements that were achieved were for locations on the electrode away from the spot, e.g. that shown in figure 10 , which confirms that double sheaths accompanied firerods at electrode locations away from the spot. The neutral pressure was 1.5 mTorr in this case and the dip depth was approximately 1.5 V which corresponds to the electron temperature (the energy needed to reflect most of the incident electrons).
When a firerod and accompanying double sheath were present, global nonambipolar flow was established in the plasma. This means that all electron loss was to the electrode while all ion loss was to the grounded chamber wall. This scenario was established by the bounding electric fields because the double layer at the electrode reflected all ions born in the bulk plasma and the plasma potential was large enough that all electrons were reflected from ion sheaths at the grounded chamber walls. A characteristic feature of this regime was that the difference between the electrode and plasma potential always 'locked' to a fixed value. The plasma potential and ion sheath at the chamber wall could thus be made, essentially, arbitrarily large. When this scenario was established in previous experiments by using an electrode with surface area satisfying, µ < A E /A w < [(0.6/µ) − 1] −1 , the plasma potential 'locked' to just a few volts less than the electrode potential. When anode spots were present, the 'locking' potential was a few volts less than the electrode potential minus the ionization potential of the neutral gas as shown in figure 7 . This is because e φ 1 ≈ E i was required to sustain the spot.
A second characteristic feature of global nonambipolar flow was an electron temperature significantly hotter than the ambipolar value [2] . This was due to an increase in the confinement of high energy electrons and a decrease in the confinement of low energy electrons compared to the ambipolar case. In ambipolar flow, only electrons with an energy greater than that necessary to traverse the ion sheath at the chamber wall were lost. Electrons with less energy were confined. In global nonambipolar flow, all electrons incident on the electrode were lost, regardless of their energy. No electrons were lost to the chamber wall. Since the same electron current was lost in both cases, the electron energy confinement was enhanced in global nonambipolar flow. This effect is described in detail in [2] . Figure 8 shows measurements of this characteristic temperature increase when firerods, and the corresponding global nonambipolar flow, were present. In this case the ambipolar temperature was 0.8 eV while the global nonambipolar value was approximately 2.4 eV. Data shown in figures 7 and 8 were taken with the 55 mm diameter electrode at 1.5 mTorr neutral pressure.
The presence of global nonambipolar flow has implications for multiple concentric anode spots. Multiple concentric anode spots are stair step potential profiles, of height E i /e and length L, that have a spherical shape and can form near small electrodes biased positive enough [23] . If the electrode is so big that the onset of one anode spot increases the electron collecting area of the electrode to a level that A E /A w > µ, global nonambipolar flow ensues. As a consequence, the plasma potential 'locks' with the electrode. Multiple anode spots cannot then be generated because φ 2 becomes fixed and no additional ionization can occur in the anode glow region. A natural prediction, then, is that one cannot generate multiple concentric firerods in an unmagnetized plasma.
If, however, the electrode is small enough that even with the effective increase in anode area due to a first anode spot, the condition A E /A w < µ is satisfied, potential 'locking' does not occur, and a second anode spot may form. The onset of the second spot may be analyzed in an analogous way as the first spot, predicting the condition that φ 2 ≈ φ c for onset. Previous measurements [23] show concentric fireballs, so, presumably, the chamber and electrode satisfied A E /A w < µ with both spots present in these measurements. Our considerations do not exclude the possibility that an equilibrium state could be established where a firerod surrounds a fireball. However, to the best of our knowledge, such a state has yet to be observed.
One last feature of anode spot equilibrium we wish to briefly discuss is why the double layer potential drop is approximately the ionization potential of the neutral gas. This relationship has been observed for argon here and in [8] , for xenon in [43, 44] , and additionally for hydrogen and neon in [13] . From the discussion in section 5 and above we have found that spots form due to increased ionization in the anode glow so, as long as T e E i , the minimum double layer potential drop is apparently the threshold ionization potential of the neutral gas e φ 1 E i . However, the question remains: why is the potential drop typically equal to this minimum? Larger potential drops would not necessarily violate the global current balance, and an anode spot potential larger than the electrode potential could even be a solution in theory. The only solution that minimizes the input power to the plasma, however, requires that the double layer potential drop be equal to the ionization potential of the neutral gas.
The power source controlling the electrode inputs a power of P E = eI e V E in which I e is the electron current reaching the electrode and V E is electrode potential referenced to ground. The power input by the hot filaments is a constant equal to P f = eI f V f . If the double layer potential drop were bigger than the minimum ionization potential, the electron current to the electrode I e would increase by a corresponding amount due to increased ionization inside the anode spot. Assuming that the power input to the plasma is minimized implies that the double layer potential drop of an anode spot should be equal to the ionization potential of the neutral gas; in agreement with the experiments.
Conclusions
A diverse set of anodic double layer equilibrium states were found experimentally including double sheaths, anode glow and two types of anode spots: spherical fireballs and cylindrical firerods. Simple models based on the principle of current balance were constructed to determine which state was present for given experimental conditions. For A E /A w > [(0.6/µ) − 1] −1 , the electrode sheath was an ion sheath, and no anodic double layer formed. For µ < A E /A w < [(0.6/µ) − 1] −1 , a double sheath existed, which is a type of anodic double layer. For A E /A w < µ anode glow and anode spot double layers were observed.
Anode glow formation was due to increased ionization in an electron sheath. A model was constructed which suggests that anode spots form from the anode glow when the number of ions in a Debye cube adjacent to the electrode balances the number of electrons in that same Debye cube. When this condition was met, a quasineutral plasma (anode spot) formed from the anode glow. Our model predicted that the critical electrode bias for the onset of an anode spot has an inverse neutral pressure scaling, which was confirmed experimentally. It also predicted hysteresis in the current-voltage characteristic of the electrode, which was also confirmed by experiment.
When an anode spot formed, it significantly increased the effective area of the electrode for collecting electrons. If the electrode and anode spot were small, the effective area could still satisfy A E /A w < µ and the potential monotonically decreased from the electrode to the plasma. In this case spherical fireballs were found. However, it often happened that the spot increased the effective electrode area beyond this value, and a combination of a double sheath and a cylindrical firerod formed. Double sheaths were directly measured using electrostatic probes at locations on the electrode surface where the firerod was absent. The presence of the double sheaths, necessary to preserve global current balance, at these locations caused the cylindrical shape of the firerod in an unmagnetized plasma. In this case, the effective electrode area satisfied µ < A E /A w < [(0.6/µ) − 1] −1 and global nonambipolar flow was present. Global nonambipolar flow implies that all electrons are lost to the electrode while all positive ions are lost to the chamber wall. Two characteristic features of global nonambipolar flow; potential 'locking' and electron temperature enhancement, were confirmed with experiment. A one dimensional model for the anode spot size was developed, which agreed with our experimental measurements as well as with previous measurements [43] . The model also predicted an inverse neutral pressure dependence of the spot size that was observed in previous works [8] .
